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Abstract
Two factorial experiments were designed to determine the effects of stage of lactation, and season of the year, on cow
responses to supplementary feeding. These experiments were conducted over consecutive years with 128 high genetic
merit multiparous Holstein-Friesian cows in early, mid and late lactation in spring, summer, autumn and winter. At each
stage of lactation, and in each season of the year, cows were offered a restricted pasture allowance (25 to 35 kg dry
matter (DM) per cow per day), either unsupplemented (control) or with supplement at 50MJ metabolizable energy (ME)
per cow per day in experiment 1 and 80MJ ME per cow per day in experiment 2. The two supplements given in both
years were rolled maize grain (MG) and a mixture of foods formulated to nutritionally balance the diet (BR). In
experiment 2, another treatment, of a generous pasture allowance (60 to 75 kg DM per cow per day) (AP), was
imposed on an additional group of early lactation cows during each season. Direct milk solids (MS) (milk fat plus milk
protein) responses in experiment 1 to MG were 169, 279, 195 and 251g MS per cow per day in spring, summer,
autumn and winter, respectively, while those to BR were 107, 250, 192, 289 g MS per cow per day. In experiment 2,
however, milk solids responses to both supplements during spring were slightly below the control treatment, with values
similar to those in experiment 1 in summer and autumn for cows on the BR but not the MG supplement. Milk solids
responses to supplementary foods were largest during seasons of the year when the quantity and quality of pasture on
offer resulted in the lowest milk solids yield from unsupplemented cows. When carry-over effects of feeding MG and BR
on milk solids production were detected, they were only about half the magnitude of the direct effects. Serum urea
concentrations were higher in control cows than those offered MG with a similar effect for BR in all but summer in
experiment 1, while serum glucose concentrations were highest in winter and lowest in summer. The most important
factor influencing milk solids responses was the relative food deficit (RFD) represented by the decline in milk solids
yield of the respective control groups after changing from a generous pasture allowance to restricted allowance when
the feeding treatments were imposed. Total milk solids responses (direct and carry-over) to supplements were greatest
when severe food restrictions, relative to the cows’ current food demand, resulted in large reductions in milk solids yield
of the control groups. The RFD was the best predictor of milk solids response to supplementary foods. Therefore, it is
likely that cows are most responsive to supplementary foods during or immediately after the imposition of a severe food
restriction.
Keywords: dairy cows, grazing, milk production, supplementary feeding, total solids.
Introduction
Many research studies have measured the milk yield
response of grazing dairy cows to various forms of sup-
plementary food. Leaver et al. (1968) reviewed several sup-
plementary feeding experiments and concluded that the
increase in milk yield was likely to be small and uneconomic
when cows were grazing generous amounts of pasture.
Penno (2002) reviewed supplementary feeding experiments
published since 1979 and concluded responses to
supplements were highly variable and ranged from zero to
2 kg milk per kg dry matter (DM) of supplementary food.
Most of the published experiments have attempted to define
only direct responses to supplementary foods rather than
the more complex total response that would be most useful
for farmers making supplementary feeding decisions.
Despite these results, over the past 30 years the use of
supplementary feeding has become an important com-
ponent of pasture-based dairy farming.
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When provided with additional energy and nutrients the cow
uses varying proportions for increased milk yield and
increased reserves of body fat and protein, with the milk
solids yield response often continuing for a period after the
increased feeding had ceased (Broster and Broster, 1984).
Therefore, the direct milk yield response reported from the
majority of experiments generally underestimates the total
response to supplementary feeding.
It has often been assumed that cows in early lactation par-
tition a higher proportion of extra energy and nutrients
toward milk production and less toward live-weight gain
than cows in late lactation (Broster and Thomas, 1981;
Stockdale et al., 1987; Stockdale and Trigg, 1989). Even if
this is true, in the long-term, energy stored as body reserves
as a result of supplementary feeding will probably lead to
increased milk yield some time later. While these potential
carry-over effects have often been discussed, they have
seldom been measured in experiments (Kellaway and
Porta, 1993). Partitioning of energy between milk yield and
body reserves, and subsequent carry-over effects, may
explain the results of recent farmlet experiments suggesting
small milk yield responses to supplementary feeding in
spring (early lactation), improving as the season progressed
(Penno et. al., 1995a). Larger responses to supplements
from mid and late lactation cows in summer and autumn
than from early lactation cows in spring have also been
reported from short-term grazing experiments (Stockdale,
1999).
Penno et al. (2006) demonstrated that the specific mixture
of nutrients provided by supplements had little effect on the
DM intake (DMI) response to supplementary feeding. How-
ever, both the food deficit imposed on the cow, and the
specific nutrients provided by the supplement, may have
different effects on the animals short- and long-term milk
yield responses to supplementary foods from those on DMI
responses. This paper reports on the effects of stage of lac-
tation and season of the year on the direct and carry-over
milk yield and live-weight responses of dairy cows, grazing
restricted amounts of pasture, to rolled maize grain (MG) or
a nutritionally balanced supplementary food (BR), for the
experiments described in the first paper of this series
(Penno et al., 2006). The BR supplement catered for the
nutritional requirements of the cow, while taking into
account the pasture nutrient supply, and alleviated the
potential to underestimate supplementary feeding
responses (Edwards and Parker, 1994; Lean et al., 1996).
The data generated from the experiments described by
Penno et al. (2006) are used to calculate direct milk pro-
duction and live-weight changes to supplementary foods in
terms of relative food deficit, a predictor of milk solids
responses to supplementary foods.
Material and methods
Experimental design
Penno et al. (2006) gives full details of the site, cows,
experimental design, and feeding treatments. In summary,
two supplementary feeding experiments were conducted
with cows in early, mid and late lactation in spring, summer,
winter and autumn. In experiment 1, cows at each stage of
lactation were grazed on a restricted allowance of pasture
(25 to 35 kg DM per cow per day) and offered pasture only
or supplementary feeding treatments of 50 MJ metaboliz-
able energy (ME) per cow per day as either rolled maize
grain, or as a nutrient balancing ration. In experiment 2 the
same supplementary feeding treatments were offered at
80 MJ ME per cow per day, and a fourth treatment group of
early lactation cows were offered a generous pasture allow-
ance (60 to 75 kg DM per cow per day) during each of the
four test periods. Each test period was preceded by a 7-day
uniformity period when all cows were grazed together and
offered a generous pasture allowance (60 to 75 kg DM per
cow per day) to equalize each cow’s nutritional opportunity
before treatments were imposed; supplements were fed
according to treatments over the next 5 weeks, the first two
of which provided an adjustment period for the cows before
treatment milk yield and composition responses were
assessed. After each supplementary feeding period, cows
were grazed together in their stage of lactation group and
offered a generous pasture allowance of about 60 kg DM
per cow per day for a further 28 days to allow any carry-
over effects to be measured. Averaged over the four sea-
sons of the year early, mid and late lactation cows at the
start of experiment 1 were 66, 157, and 251 days in milk,
respectively, with comparable milk productions of 18·8, 15·2
and 12·9 kg per cow per day. Similarly, for experiment 2,
there were 52, 126, 215 days in milk, with milk productions
of 18·1, 14·3 and 12·0 kg per cow per day.
Measurements
Milk yield, milk composition, and live-weight. At two
consecutive milkings each week, milk volumes for each cow
were recorded from the meter flask post-milking. At the
same time, Tru-Teste in-line milk meters were used to take
a representative sub-sample of 2·5% of the total milk yield
of each cow. Following stirring by bubbling air through the
flask, a 30 ml aliquot was taken and analysed for fat and
protein concentrations by calibrated Fossomatic milk-o-scan
(Foss Electric, Hillerod, Denmark).
Calibrated Tru-Teste electronic scales were used to
measure the live weight of each cow, immediately after the
morning milking on day seven of the uniformity week, on
day 35 of the test period, and on day 28 of the post-exper-
imental carry-over period (experiment 1 only).
Blood metabolites. Blood samples were collected by
coccygeal venipuncture from each cow, into 10 ml
evacuated plain glass tubes at between 14:00 to 15:00 h on
day 33 of each test period, and allowed to clot at room
temperature for 60 to 90 min. Samples were centrifuged at
2800 r.p.m. for 15 min. Aspirated serum was immediately
assayed for concentrations of albumin, beta hydroxy-
butyrate (BOH), non-esterified fatty acids (NEFA), glucose
and urea using a Hitachi 717 auto-analyser.
Calculations
Milk solids (MS) responses during each test period (direct
responses) were calculated as the difference in mean daily
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milk solids yield between treatment groups and their
respective control groups, and were expressed as g MS per
MJ ME by dividing by the daily ME intake from supplemen-
tary food. In the same way, live weight (LW) gain treatment
responses were calculated and expressed as g LW per MJ
ME. Similarly, carry-over milk solids responses were calcu-
lated for each early and mid lactation treatment group
during the 4 weeks after the cessation of supplementary
feeding, and using the daily ME intake from supplementary
food during the preceding test period as the divisor. Total
MS responses (direct plus carry-over) were calculated for
cows in early and mid lactation in the same way. Carry-over
effects for late lactation cows could not be obtained
because they were approaching the end of their lactation.
Relative food deficit (RFD) was calculated as the average
MS yield of each control group at the end of the uniformity
week (immediately before the start of the test period) minus
the average milk solids yield measured during the final 3
weeks of each 5-week test period, the latter being referred
to as the ‘unsupplemented MS yield’. This provides an indir-
ect estimate of RFD which in energy terms was defined as
the daily ME intake that the cow required to meet the
energy costs of maintenance and pregnancy, milk yield, and
the rate of change in body reserves.
Statistical analysis
Experiments 1 and 2 were analysed separately. Residual
maximum likelihood (REML) procedures of Genstat (Gen-
stat Committee, 1997) were used for analysis of production
and live-weight variables, using stage of lactation, season,
food and their interactions as fixed effects. In addition,
appropriate covariates from the uniformity week and random
effects were specified for each particular variable. For pro-
duction and milk components over the various periods,
stage of lactation, season/week, food and their interactions
were specified as fixed effects; milk production for the uni-
formity week as a deviation from the stage by season mean
was used as a covariate and cow/season/week were speci-
fied as random effects.
Milk yield data presented for the test periods are the pre-
dicted means, adjusted for imbalance in covariates and the
number of observations, of three herd tests over the last
three weeks of each test period in experiment 1, and from
two herd tests over the last two weeks of each test period in
experiment 2. Milk yield data presented from the carry-over
responses are the predicted means of weekly herd tests
during the 28 days after each test period in both
experiments.
The prediction of mean MS and live-weight gain responses
were calculated as above for each experiment, were ana-
lysed as a 3 £ 2 £ 4 factorial design, with three feeding
treatments imposed on two groups of cows (no. ¼ 8) (early
and mid lactation) at four times of the year, using the linear
model of Data Desk 6.0 (Velleman, 1997). Non-significant
interactions (P . 0·05) were removed from the model. Data
are presented as the predicted means with standard errors
of the difference using the interaction between stage of lac-
tation, season and food as the error term.
The combined data from experiments 1 and 2 were subject
to multiple regression analysis using Data Desk 6.0 (Velle-
man, 1997). Combinations of factors were alternatively ana-
lysed to establish models of best fit to the calculated MS
responses, as indicated by adjusted R 2. Multiple regression
equations are presented with standard errors and signifi-
cance levels for each coefficient, adjusted R 2 and a
residual standard deviation (r.s.d.).
Results
Experiment 1
Offering MG supplements reduced milk fat concentration
relative to the control treatment in autumn and this was the
case for both MG and BR supplements in winter (Table 1).
There was an interaction between the effects of stage of
lactation and food type for milk protein concentration. How-
ever, the effect of food on milk protein concentration was
not different between seasons. In early lactation, MG and
BR supplements increased protein concentration, whereas
in mid lactation only MG had this effect and in late lactation
treatment differences disappeared (Table 1).
Offering MG and BR supplements increased MS (milk fat
plus milk protein) yield in all seasons, with no difference
between MG and BR treatments. Offering MG in spring
resulted in higher MS yields than in summer, autumn and
winter, whereas the milk solids yield of cows offered BR did
not vary with season (Table 1).
Comparing MS yields of cows offered the control treatment
with those offered the MG supplement over the different
stages of lactation, showed direct responses of 169, 279,
195 and 251 g MS per cow per day in spring, summer,
autumn and winter, respectively. Comparable data for BR
were 107, 250, 192 and 289 g MS per cow per day. This
shows these responses were not consistent across sea-
sons, but were greatest in summer and winter and smallest
in spring.
The main effects of stage of lactation, season of year and
feeding treatments on the concentration of blood metab-
olites are presented in Table 2. Although there were some
significant (P , 0·05) interactions, especially between the
effects of season and food, these are not reported because
of inconsistent trends between experiments. Serum glucose
concentrations were higher during winter than during spring,
summer and autumn. During winter, cows offered the BR
supplement had lower serum glucose than cows offered the
control treatment.
There were inconsistent effects of supplementary foods and
season on average NEFA and BOH concentrations in
serum (Table 2).
Serum urea concentrations of cows on the control treatment
were higher than in cows offered the MG and BR sup-
plements in most seasons. Serum urea concentrations of
cows on the control treatment and those offered MG sup-
plements were highest in autumn and lowest in spring.
Supplementation and pasture intake by dairy cows – 2
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Experiment 2
There were feeding treatment effects on the milk fat and
milk protein concentrations but no interaction. Average milk
fat concentrations were 44·3, 46·3 and 50·1 g/kg and milk
protein concentrations were 32·3, 35·7 and 38·6 g/kg, in
milk produced by early, mid and late lactation cows,
respectively (Table 3).
The milk produced by cows offered the AP treatment had a
similar milk fat concentration and a higher milk protein con-
centration when compared with the milk produced by early
lactation cows offered the control treatment.
There were significant interactions between the effects of
stage of lactation and those of food, and between the
effects of season and those of food for milk, milk fat, milk
protein and MS yield (Table 3). Therefore, data from each
test period are presented separately.
Spring. Offering MG and BR supplements or the AP
treatment had no effect on MS yield at any stage of
lactation in spring. Cows at all stages of lactation and on all
feeding treatments had higher MS yields during spring than
during autumn and winter. Early and late lactation cows
offered the control, AP and MG feeding treatment had
higher MS yield in spring than summer, whereas mid-
lactation cows showed no response to any feeding
treatment.
Summer. The BR treatment increased MS yields of early
and mid lactation cows in summer, with AP having a similar
effect on early lactation cows; MG only affected cows in mid
lactation.
Early and mid lactation cows had higher MS yields during
summer than cows at the same stage of lactation and feed-
ing treatment during autumn and winter. Late lactation cows
Table 1 Mean milk production and composition, and live-weight changes measured during each test period of experiment 1 and average milk
solids yield during each carry-over period, when all cows were offered a generous pasture allowance and no supplement
Stage (St)
Early Mid Late Significance†
Food (F) Control MG BR Control MG BR Control MG BR s.e.d‡
Season
(S) St F S x F St x F
Spring
Milk yield (kg per cow per day) 17·4 19·9 18·3 13·2 15·7 15·2 11·5 12·8 11·9 0·80 ** **
Milk solids yield
(g per cow per day)
1258 1471 1363 1001 1206 1194 985 1078 1008 66·3 ** *
Milk fat concentration (g/kg) 41·6 42·0 41·1 43·9 42·0 44·2 50·0 47·0 49·0 2·07 ** *
Milk protein concentration (g/kg) 31·4 32·9 33·6 33·7 35·2 34·8 36·8 37·7 37·4 0·83 **
Live-weight change
(g per cow per day)
83 164 495 1221 1533 1195 237 1436 1347 294 ** **
Summer
Milk yield (kg per cow per day) 12·3 16·3 15·7 12·4 15·0 15·7 7·2 11·0 10·2
Milk solids yield
(g per cow per day)
896 1234 1151 988 1205 1256 673 950 897
Milk fat concentration (g/kg) 44·2 43·8 42·5 46·7 46·1 46·4 55·9 50·9 51·9
Milk protein concentration (g/kg) 31·1 31·8 31·6 33·9 35·3 34·4 39·1 38·5 38·5
Live-weight change
(g per cow per day)
2929 2710 21014 2205 46 2336 2163 126 33
Autumn
Milk yield (kg per cow per day) 12·4 14·1 13·7 11·7 13·2 13·9 10·0 14·1 13·2
Milk solids yield
(g per cow per day)
994 1184 1147 995 1116 1170 859 1135 1111
Milk fat concentration (g/kg) 48·9 48·2 47·8 49·5 48·2 48·6 51·4 44·3 48·8
Milk protein concentration (g/kg) 32·5 36·8 35·3 35·7 37·2 36·6 37·7 37·5 37·8
Live-weight change
(g per cow per day)
74 223 311 676 407 319 821 1197 736
Winter
Milk yield (kg per cow per day) 10·9 14·3 15·5 9·4 11·9 13·5 8·1 11·9 11·6
Milk solids yield
(g per cow per day)
890 1131 1203 810 1005 1101 741 1053 993
Milk fat concentration (g/kg) 49·7 44·4 44·4 51·6 47·0 46·9 55·4 51·5 47·5
Milk protein concentration (g/kg) 32·4 34·6 33·9 35·9 38·0 35·9 39·1 39·8 39·0
Live-weight change
(g per cow per day)
2890 2612 2350 2266 50 548 2498 2350 86
Carry-over period
Milk solids yield
(g per cow per day)
Spring 1360 1494 1486 1174 1238 1348 68·2 ** ** **
Summer 959 1094 1031 856 914 903
Autumn 927 1011 976 850 761 882
Winter 1002 1112 1181 1033 1016 1132
† There were no season x stage x food interactions (P . 0·05).
‡ Maximum standard error of the difference for all paired comparison of interaction means.
Penno, Macdonald, Holmes, Davis, Wilson, Brookes and Thom
674
offered the control treatment had higher MS yield in summer
than in autumn and winter but the MS yields of late lactation
cows offered the MG and BR supplements were similar in
summer, autumn and winter.
Autumn. Offering AP, MG and BR feeding treatments to
early lactation cows increased MS yield, especially those
offered the BR treatment. Both the MG and BR
supplements increased the MS yield of mid lactation cows,
while BR had a similar effect on late lactation cows.
Early lactation cows in autumn had higher MS yields than
similar cows in winter. However, mid lactation cows offered
the MG and BR feeding treatments had lower MS yields
than mid lactation cows in winter. There was no difference
between the MS yields of late lactation cows in autumn and
winter.
Winter. In winter, only the BR treatment increased the MS
yield of the early lactation cows, while both the MG and BR
treatments increased the MS yields of mid and late lactation
cows.
As reported for experiment 1, there was a tendency for
serum glucose concentrations to be highest in winter and
lowest in summer (Table 2). Cows offered the MG and BR
treatments had higher glucose concentrations than cows
offered the control treatment during spring and autumn.
During summer, cows offered the BR treatment had lower
serum glucose than cows offered the control and MG
treatments.
There were few effects of season and type of food on
NEFA and BOH concentrations (Table 2).
The MG treatment resulted in lower serum urea concen-
trations than the control treatment in all seasons, while this
was true for cows offered the BR treatment in spring the
opposite was true in summer. Cows offered the control and
MG treatments had higher serum urea concentrations in
spring and winter than in summer and autumn (Table 2).
In experiment 1 (averaged over the 4-week carry-over
period) the cows offered the MG and BR supplements pro-
duced another 73 and 100 g MS per cow per day, respect-
ively, compared with those on the control treatment (Table
1). In experiment 2 there were significant season £ food
interactions for all MS variables, but not for stage of lacta-
tion by food type (Table 3).
Predicting milk solids responses to supplementary feeding
Using the results of both experiments, the relationship
between the RFD and the direct and total MS responses of
the appropriate supplemented herds are shown in Figures 1
and 2, respectively. The association between the RFD, the
total yield of the respective control group (unsupplemented
MS yield), supplement intake and stage of lactation, and the
direct MS response to supplementary feeding are described
by the multiple regression equation presented in Table 4.
The association between the RFD, pasture ME allowance at
the time of supplementary feeding, supplement intake and
the stage of lactation, and the total MS response to sup-
plementary feeding are described by the multiple regression
equation presented in Table 5.
The magnitude of the direct and total MS responses to sup-
plementary foods increased as the magnitude of the decline
in MS yield in the unsupplemented cows following food
restriction (RFD) increased. The direct and total MS
response increased as the level of feeding of the unsupple-
mented cows decreased, as measured by unsupplemented
MS yield or pasture allowance. As the amount of sup-
plement eaten increased the direct MS response
decreased, however, this relationship was not significant for
total MS response. Direct MS response was not affected by
stage of lactation.
Discussion
When the effects of stage of lactation were separated from
those of season of the year in the current experiments,
stage of lactation had no effect on the direct responses in
MS yield or in live-weight gain. These results support some
Table 2 Concentrations of blood serum metabolites in cows at
different stages of lactation, when offered a restricted pasture allow-
ance, with or without supplemental foods of rolled maize grain (MG)
or a nutritional balancing ration (BR) in spring, summer, autumn
and winter in experiments 1 and 2
Glucose
(mmol/l)
NEFA†
(mmol/l)
BOH†
(mmol/l)
Albumin
(g/l)
Urea
(mmol/l)
Experiment 1
Early 2·89 0·052 0·95 30·7 7·26
Mid 2·82 0·043 0·92 30·2 7·20
Late 2·84 0·037 0·94 30·5 6·64
s.e.d. 0·042 1·09‡ 1·05‡ 0·204 0·101
Significance *** * ***
Spring 2·56 0·036 0·88 30·5 5·24
Summer 2·81 0·056 0·92 30·5 5·74
Autumn 2·74 0·051 0·98 30·7 8·99
Winter 3·29 0·049 0·96 30·2 8·16
s.e.d. 0·060 1·12‡ 1·07 0·300 0·141
Significance ** *** ** ***
Control 2·89 0·060 0·97 30·6 7·78
MG 2·84 0·042 0·92 30·2 6·10
BR 2·83 0·043 0·92 30·6 7·23
s.e.d. 0·043 1·09‡ 1·05‡ 0·211 0·103
Significance *** ***
Experiment 2
Early 2·82 0·074 0·81 29·9 6·56
Mid 3·03 0·042 0·81 29·5 6·68
Late 2·76 0·038 0·80 29·5 6·29
s.e.d. 0·047 1·13‡ 1·07‡ 0·280 0·136
Significance *** *** **
Spring 3·47 0·048 0·78 29·7 7·27
Summer 2·04 0·059 0·94 29·4 5·45
Autumn 2·54 0·042 0·76 28·7 5·95
Winter 3·45 0·049 0·75 30·5 7·37
s.e.d. 0·061 1·17‡ 1·10‡ 0·368 0·167
Significance *** *** *** *** ***
Control 2·74 0·058 0·86 30·0 8·08
MG 3·00 0·044 0·72 29·1 4·65
BR 2·87 0·038 0·84 29·7 6·80
s.e.d. 0·048 1·13‡ 1·08 0·286 0·138
Significance *** *** *** ** ***
† Calculated from natural log transformed data. NEFA ¼ non-esteri-
fied fatty acid;BOH ¼ beta-hydroxy-butyrate.
‡ Minimum significant ratio calculated from natural log transformed
s.e.d.
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recent studies that have demonstrated large increases in
milk yield when supplements have been offered to late lac-
tation cows (Stockdale and Dellow, 1995; Robaina et al.,
1998). However, they contrast with earlier indoor studies
which were designed to make direct comparisons between
the supplementary feeding responses of cows in early or
mid lactation (Stockdale et al., 1987; Stockdale and Trigg,
1989). However, these indoor supplementary feeding
studies imposed common feeding treatments on cows at
different stages of lactation, despite large differences in
actual and potential milk yield. For example, Stockdale et al.
(1987) compared early and late lactation cows consuming a
severely restricted allowance of pasture (about 7 kg DM per
cow per day) plus different amounts of concentrates, with
control groups consuming only the restricted allowance of
pasture. This common restricted food allowance imposed a
more severe food restriction on the higher yielding cows in
early lactation than those in late lactation, resulting in a
much larger reduction in MS yield. Thus, as feeding levels
were increased with supplementary foods, the early lacta-
tion cows partitioned a greater proportion of the additional
energy toward milk yield and a lesser proportion to live-
weight gain. Further, when the amount of pasture offered to
the control cows was more generous, and the decrease in
milk yield of the early and late lactation cows became less
severe, the responses attributed to supplementary feeding
also declined (Stockdale and Trigg, 1989).
The changes in MS yield that occurred as the control treat-
ments were imposed during the present study were gener-
ally much smaller than those of Stockdale et al. (1987)
and Stockdale and Trigg (1989), as was also reported by
Grainger (1990). Further, the differences between groups at
different stages of lactation, within each test period were
also small. Thus, the potential of early and late lactation
cows to increase milk yield, back to their pre-treatment
yield, was similar. Grazing also creates higher energetic
requirements and provides the cow with an opportunity to
respond to the imposition of food restrictions by grazing
more intensely, to maintain pasture intake. This may buffer
the different relative food restrictions that were imposed on
early and mid-lactation cows during the present
experiments.
The MS increases from cows offered MG and BR sup-
plements were largest in summer, autumn and winter,
rather than spring, in agreement with results of farm sys-
tems experiments conducted by Penno et al. (1995b).
These experiments suggest that large increases in MS pro-
duction are closely associated with periods of low milk
yields (relative to their potential) from the control cows.
Again, when the control cows are placed under more severe
nutritional restrictions, the potential to increase milk yield is
larger, and these cows are likely to partition a higher pro-
portion of additional food energy to milk yield, rather than
live-weight gain.
In both experiments, cows in late and mid lactation showed
larger changes in live weight than those in early lactation.
Season and supplementary food effects were inconsistent
between years (Tables 1 and 3).
Within the experimental design, comparisons between
seasons present the most difficulty. In addition to chan-
ging pasture allowances, necessitated by changing pas-
ture structure, pasture quality also varied between
seasons (Penno et al., 2006). Both these factors are
known to have a large affect on pasture DMI and sub-
sequent MS yield (Holmes, 1987). However, environmen-
tal factors associated with season of the year, other than
nutrition, may also have affected milk yield (Garcia and
Holmes, 1999). In particular, seasonal changes in photo-
period are known to affect food intake and milk yield of
cows at all stages of lactation (Peters et al., 1981). Typi-
cally, cows under winter photoperiods produce 7 to 10%
less milk than cows under summer photoperiods at the
same level of nutrition (Peters et al., 1981; Bilodeau
et al., 1989). However, these results are not consistent
with those of Auldist et al. (1998) who demonstrated
higher MS yield from early, mid and late lactation cows
in summer and autumn than in winter and spring.
Figure 1 The relationship between the decline in milk solids (MS)
yield of the control herd as treatments were imposed and the direct
milk solids response.
Figure 2 The relationship between the decline in milk solids (MS)
yield of the control herd as treatments were imposed and the total
milk solids response.
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The present experiments suggest that the different levels
of performance observed between seasons and in par-
ticular the low milk production levels measured in autumn
and winter are largely a reflection of the relative levels of
nutrition immediately before and during the test periods.
Cows become increasingly responsive to cereal grain sup-
plements as the ME concentration of the pasture on offer
declines (Stockdale et al., 1997). In the present experiments,
ME concentration in pasture was consistently lowest in sum-
mer (Penno et al., 2006) but these differences were not well
correlated with the magnitude of supplementary feeding
responses. For example, the ME concentration of spring and
winter pastures were similar, yet supplementary feeding
resulted in small responses in spring and large responses in
winter (although pasture intake was also lower during winter).
The differences in pasture quality observed by Stockdale et al.
(1997) were much larger (8 to 12 MJ ME per kg DM) than the
between season variation that occurred in the present
studies. Nevertheless, the small changes in pasture quality
that were observed may have contributed to the differences in
response between seasons by increasing the magnitude of
underfeeding during the summer. Offering BR supplements to
early lactation cows in summer, autumn and winter of exper-
iment 2 resulted in larger increases in MS yield than offering
the same amount of ME in the form of MG supplement. The
main difference between the two supplements was that BR
contained extra protein as both rumen degradable (soybean
meal) and undegradable protein (fish meal) in summer, and
undegradable protein and effective fibre (chopped hay) in
autumn and winter (Penno et al., 2006).
Nutritional treatments and time of the year had little
effect on the longer-term protein status of the cows as
indicated by serum albumin concentration. However,
serum urea concentrations varied with different crude pro-
tein (CP) concentrations in the pasture (Penno et al., 2006).
High CP concentrations in autumn and winter pasture
(experiment 1) resulted in elevated rumen ammonia N and
blood urea concentrations and similarly, in spring, autumn
and winter of experiment 2 (Penno, 2002). Offering MG and
BR supplements decreased serum urea concentration,
probably by reducing CP intake and increasing the supply
of readily fermentable carbohydrate (Kolver et al., 1998).
Based on these metabolic indices, it is likely that the treat-
ment groups offered the MG supplement in the summer and
autumn (experiment 2) did not receive adequate protein
nutrition. The low serum urea and albumin concentrations in
the summer of experiment 2 corresponded with the lowest
pasture CP concentration (17·1 g per 100 g DM).
Offering undegradable protein supplements to cows graz-
ing generous amounts of pasture have usually not
increased milk yield (Brookes, 1984; Penno et al., 1995b;
Rusdi and Van Houtert, 1997; Stockdale et al., 1997),
the opposite being the case when pasture availability
was restricted (Rogers et al., 1980; Minson, 1981), as in
the current experiments. The total diets of cows offered
the MG supplements in the autumn and winter of exper-
iment 2 were likely to have exceeded a CP concentration
of 17 g per 100 g DM, which should have been adequate
for milk production (National Research Council, 1989).
Undegradable protein (fish meal) was more effective than
degradable protein (soya-bean meal) when supplementing
grazing cows consuming large amounts of maize silage
(Macdonald et al., 1998). Ørskov et al. (1981) suggested
that when cows were in energy deficit, undegradable pro-
tein supplements may provide amino acids that were lim-
iting milk yield, thereby stimulating the mobilization of
body condition to provide glucose for increased milk
yield, although there was no difference between the live-
weight changes of cows offered the MG and BR sup-
plements in the current experiments. Nevertheless, the
possibility exists that the dietary levels of essential amino
acids limiting the milk yield of the control cows could
have been countered by the addition of fishmeal.
Table 4 The effect of the reduction in milk solids (MS) yield of the unsupplemented cows immedi-
ately preceding supplementary feeding, pasture allowance and supplement intake on the direct
milk solids response to supplementary foods (g MS per MJ metabolizable energy (ME))†
Variable Coefficient s.e. of coefficient Significance
Constant 11·1 1·87 ***
Reduction in MS yield (kg per cow per day) 2·1 1·00 *
Unsupplemented MS yield (kg per cow per day) 24·1 0·99 ***
Supplement intake (MJME per cow per day) 20·06 0·014 *
Stage of lactation (DIM) 20·005 0·0029
† Adjusted R 2 ¼ 0·688; residual s.d. ¼ 1·09.
Table 5 The effect of the reduction in milk solids (MS) yield of the unsupplemented cows
immediately preceding supplementary feeding, pasture allowance, supplement intake and
stage of lactation during the period of supplementary feeding, on the total milk solids response
to the supplementary feeds (g MS per MJ metabolizable energy (ME))†
Variable Coefficient s.e. of coefficient Significance
Constant 10·2 2·30 ***
Reduction in MS yield (kg per cow per day) 9·1 1·18 ***
Pasture allowance (MJME per cow per day) 20·02 0·006 **
Supplement intake (MJME per cow per day) 20·02 0·022
Stage of lactation (DIM) 0·007 0·005
† Adjusted R2 ¼ 0·794; r.s.d. ¼ 1·35.
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Overall, the incremental benefits from providing sup-
plements that were formulated to balance the diet of grazing
cows were small when compared with maize grain sup-
plements. These findings contradict recent suggestions that
many published supplementary feeding studies have
grossly underestimated potential supplementary feeding
responses by ignoring the detailed nutritional requirements
of the cows and the nutrient composition of the pasture
(Edwards and Parker, 1994; Lean et al., 1996).
One of the limitations of the present experiments is the diffi-
culty in accurately measuring carry-over effects so most
researchers have just reported the direct response. In these
experiments MS yield remained elevated during the 4
weeks following supplementary feeding of MG in the spring,
summer and winter of experiment 1, and in winter of exper-
iment 2. MS yield also remained elevated following the sup-
plementary feeding of BR in the spring and summer of
experiment 1, and after the summer, autumn and winter of
experiment 2. The magnitude of carry-over effects when
present was on average about half the direct effect, and
diminished over time. MS yield increases after stopping
supplementary feeding usually follows a period in which
supplementary feeding had increased body weight. The
extra MS produced after supplementary feeding has often
been attributed to the mobilization of body reserves (Kell-
away and Porta, 1993). However, several authors have also
suggested that nutritional history can affect future MS yield
(Broster and Broster, 1984; Oldham and Emmans, 1989). In
addition to the benefits of additional body reserves that
usually result from a higher level of feeding, a higher
absolute milk yield may predispose the cow to higher future
MS yield, should level of nutrition allow.
The carry-over effects of supplementary feeding appear to
differ both within and between seasons. Bryant and Trigg
(1982) suggested that the use of supplements during spring
food deficits would not result in any significant carry-over
effects. However, Clark (1993) found that 0·68 of the
additional milk production that resulted from feeding silage
in spring occurred after the feeding period. It would appear
that carry-over effects could be both animal and pasture
related. Within farm systems, substitution of pasture by sup-
plements may increase the pasture allowance and DMI for
some time after supplementary feeding ceases, increasing
MS yield and contributing to carry-over effects (Kellaway
and Porta, 1993). Although derived from short-term exper-
iments the present data suggests that the contribution of
the cow to carry-over effects is only about half the 7 kg MS
per cow reported by Clark (1993) after feeding silage in
spring and summer and measuring the total carry-over
effects for the remainder of the milking season.
Prediction of milk solids responses to supplementary
feeding
While there were often differences between the MS and
live-weight responses that resulted from offering sup-
plements to cows at different stages of lactation, no consist-
ent patterns emerged.
The effects of stage of lactation and of season have usually
been confounded in previous experiments, because of the
seasonal calving pattern of most grazing dairy herds.
Nevertheless, experiments have usually not demonstrated
large seasonal effects. In the present study, there was no
association between pasture quality parameters and the
magnitude of the measured responses. The lowest ME con-
centration of pasture offered was 10·9 MJ/kg DM, and con-
centrations were often greater than 12·0 MJ ME per kg DM
(Penno et al., 2006).
Stage of lactation and season of the year were shown to
have only small, inconsistent effects on the response of
dairy cows to supplementary food. It has been demon-
strated that the level of pasture feeding, as measured by
pasture allowance, has a large influence over the extent to
which cows substitute pasture for supplement. In the current
study, this effect is shown as a reduction in the total and
direct MS response with increasing pasture allowance or as
higher daily MS yield of the control cows reflecting a higher
pasture allowance. Higher pasture allowances and greater
supplementary food intake in the second than in the first
experiment, provides an explanation for the lower MS
responses measured in experiment 2.
During the experimental periods, the pasture allowance
offered, represented a restriction relative to that offered up to
and during the uniformity week. The severity of this food
restriction varied between test periods and, to a lesser
degree, between different stages of lactation. It has been
assumed that the magnitude of the loss of MS yield that
occurred as the feeding treatments were imposed provides a
measure of the severity of the food restriction relative to cur-
rent food demand and, therefore, is a measure of the poten-
tial energy deficit for that particular treatment group. Thus
Figures 1 and 2 demonstrate the association between poten-
tial energy deficit and the direct and total MS responses. The
lowering of MS yield (as a measure of potential energy defi-
cit) increased total MS responses by 9 g MS per MJ ME per
1·0 kg decline in MS yield. Nevertheless, in developing the
relationships illustrated in Figures 1 and 2, we recognize that
using the control group’s milk yield in both the calculation of
the cow response and the relative food deficit (represented
by the loss in MS yield by the control group) may cause spur-
ious correlations because of variation in the data.
In the literature a wide range of experimental techniques
have been used and conditions under which these exper-
iments have been undertaken, the model of direct MS yield
responses closely predicted the results of the published
work. This suggests that the factors considered by the
model, particularly the decline in MS yield, the unsupplemen-
ted MS yield, and the amount of supplement offered may
account for a high degree of the variation between published
results. Therefore, the level of feeding of experimental treat-
ments, relative to the level of feeding immediately before
treatments have been imposed, is an important factor in
determining the MS response to supplementary foods.
Carry-over responses
The magnitude of the carry-over responses we measured
was generally about 50% of the direct responses. While the
data of Clark (1993) support these estimates, the current
data suggests that the contribution the cow makes directly
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to the carry-over response is likely to provide only half of
the response measured within systems experiments, with
the remainder being provided by the increased pasture
intake at a later date, resulting from pasture substitution.
Conclusions
The present studies showed that stage of lactation has little
effect on the milk yield responses to supplementary foods
of high genetic merit cows grazing restricted amounts of
pasture. Likewise, formulating supplementary foods to
complement the pasture on offer is of little benefit when
those supplements are primarily used to overcome a total
food deficit. In contrast, season of the year can affect the
responses to supplementary feeding. Differences between
seasons were closely associated with the level of production
achieved by cows receiving the pasture only control, with
responses being larger at times when MS yield was
reduced by pasture characteristics such as quantity and
quality. Perhaps these low absolute MS yields are the best
measure of the difference between the energy required for
the cows to attain their potential MS yield, and the actual
energy intake allowed by the amount and quality of pasture
on offer. Therefore, although it is difficult to define quantitat-
ively, the concept of a potential energy deficit should be
developed as a predictor of the likely response of the graz-
ing dairy cows to supplementary foods.
This work suggests that the magnitude of the total MS
response to supplementation at pasture can largely be pre-
dicted by the magnitude of the potential energy deficit as
indicated by recent change in daily MS yield and the ME
allowance from pasture and supplement. These are all fac-
tors that can be estimated by farmers in advance of sup-
plementary feeding decisions and they may provide the
basis for a tool to allow the MS responses of grazing dairy
cows to supplements to be predicted more accurately. Irre-
spective of season of the year and stage of lactation, the
largest total MS responses are likely to occur when cows
have suffered a sudden decline in pasture allowance and
when small quantities of supplementary food are offered.
On well-managed farms, the decline in pasture allowance
and the introduction of the supplements will occur simul-
taneously, so that the decline in milk yield is prevented and
high responses to the extra food are obtained.
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